Abstract-Electrochemotherapy (ECT) is an effective antitumor treatment employing locally applied high-voltage electric pulses in combination with chemotherapeutic drugs. For successful ECT, the entire tumor volume needs to be subjected to a sufficiently high local electric field, whereas, in order to prevent damage, the electric field within the healthy tissue has to be as low as possible. To determine the optimum electrical parameters and electrode configuration for the ECT of a subcutaneous tumor, we combined a 3-D finite element numerical tumor model with a genetic optimization algorithm. We calculated and compared the local electric field distributions obtained with different geometrical and electrical parameters and different needle electrode geometries that have been used in research and clinics in past years. Based on this, we established which model parameters had to be taken into account for the optimization of the local electric field distribution and included them in the optimization algorithm. Our results showed that parallel array electrodes are the most suitable for the spherical tumor geometry, because the whole tumor volume is subjected to sufficiently high electric field while requiring the least electric current and causing the least tissue damage. Our algorithm could be a useful tool in the treatment planning of clinical ECT as well as in other electric field mediated therapies, such as gene electrotransfer, transdermal drug delivery, and irreversible tissues ablation.
I. INTRODUCTION
E LECTROCHEMOTHERAPY (ECT) is a nonthermal and local tumor treatment, clinically proven to be effective, safe, and well tolerated by patients [1] , [2] . ECT standard operating procedures have been defined for the treatment of cutaneous and subcutaneous tumor nodules of different histologies. Numerous published research and clinical reports have shown that it can be used as an efficient local tumor treatment for various tumor types [3] - [8] .
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Digital Object Identifier 10.1109/TPS. 2008.2000996 high-voltage electric pulses locally delivered to the target tissue via appropriate sets of electrodes. Electric pulses induce a local electric field (E) within the treated tissue, which depends on the tissue's electrical and geometrical properties. Namely, for efficient ECT, it is necessary that the entire tumor tissue is subjected to a local electric field in the range between reversible and irreversible electropermeabilization threshold values (E rev < E < E irrev ), which causes transient structural changes in cell membranes (termed reversible electropermeabilization) and allows for increased entrance of chemotherapeutics into target tissues. This increased membrane permeabilization potentiates the effect of chemotherapeutic drugs, thus significantly lowering the required dose and improving the effectiveness of the treatment [9] . Other requirements for efficient ECT are that the healthy tissue volume subjected to E > E rev has to be kept minimal so as not to expose the healthy tissue to an E higher than necessary and to prevent the excessive irreversible tissue damage (E > E irrev ). At the same time, the electric current through the tissue has to be as low as possible due to the technical limitations of the high voltage pulse generator. The magnitude and distribution of local electric field and thus the degree of tissue electropermeabilization can be controlled by electrode configuration and polarity and the amplitude of electric pulses [10] , [11] . Local electric field, however also depends on the geometrical and electrical properties of treated tissues; therefore, both have to be taken into account when planning the treatment. Electrode types currently most often used for therapeutic and research purposes are external parallel plate electrodes and different geometries of needle electrode arrays [6] , [12] - [14] . External plate electrodes are suitable for the treatment of protruding cutaneous tumors as the local electric field can be easily controlled by the contact surface between electrodes and the treated tissue, the interelectrode distance, and the amplitude of the applied electric pulses. If the target tissue cannot be fixed between the electrodes or is seated in deeper tissue, an array of needle electrodes is more effective as it can penetrate into the tissue to assure the necessary magnitude of electric field within the deeper parts of the tumor. The choice of the suitable electrode type and geometry can be determined by means of a numerical model [13] , [15] . Numerical modeling can therefore serve as a vital component in ECT treatment planning; moreover, it can predict the treatment outcome for each tumor type with its specific electrical and geometrical properties, as has already been demonstrated [16] . In this paper, we used finite element method and genetic algorithm to investigate and optimize the local electric field distribution within a given 3-D model of a subcutaneous tumor. The electric properties of the modeled tissues are based on the fact that the tumor tissue is more conductive than its surrounding healthy tissue [16] , [17] . We investigated the influence of the number of needle electrodes, depth of electrode insertion, configuration of electrodes with respect to the treated tissue, and amplitude of electric pulses. We quantified local electric field distribution inside the tumor and its surrounding healthy tissue obtained with four needle electrode geometries that have been used in clinics and research in past years [1] , [14] , [18] . Based on the calculated distributions of electric field, we established which model parameters had to be taken into account for the optimization of the local electric field distribution and included them in the genetic optimization algorithm that we developed in order to determine the optimum electrode configuration in the target tissue. As the output of the algorithm, we obtained the optimum solution of the analyzed treatment parameters. Our algorithm can be used in local electric field optimization and thus in ECT treatment planning for arbitrary tumor geometries and electrical properties. Our optimization approach can be beneficial also in the treatment planning of other electric field mediated treatments, such as gene electrotransfer [19] , transdermal drug delivery [20] , and tissue ablation treatments [21] .
II. METHODS

A. Tissue Properties and Model Geometry
Our model of a subcutaneous tumor consisted of two tissues, the target tumor tissue (a sphere with a diameter of 2 mm), and its surrounding healthy tissue (Figs. 1-3 ). Both tissues were considered isotropic and homogeneous, the assigned conductivity values being 0.4 S/m for the tumor and 0.2 S/m for the healthy tissue. These values describe the conductivity at the end of the electropermeabilization process. The values were chosen in accordance with previous measurements of tumor and tissue conductivity and models of subcutaneous tumor and skin electropermeabilization [16] , [17] , [19] .
The electric field distribution was calculated for four different electrode geometries: three different parallel needle electrode arrays [ Fig. 2(a)-(c) ] and a hexagonal electrode array . These geometries and polarities were chosen as they are the most often used in ECT research and therapy.
B. Numerical Modeling
All numerical calculations were performed with a commercial finite element software package COMSOL Multiphysics 3.3a (COMSOL AB, Sweden) and run on a desktop PC (Windows XP, 3.0-GHz Pentium 4, 1-GB RAM). Electric field distribution in the tissue, caused by an electric pulse, was determined by solving the Laplace equation for static electric currents
where σ and ϕ stand for the electric conductivity of the tissue and electric potential, respectively. The boundary conditions used in our calculations were a constant potential on the surface of the electrodes ( Fig. 3 ) and electric insulation on all outer boundaries of the model. Results were controlled for numerical errors by increasing the size of our model and increasing the mesh density, until the electric insulation condition and error due to meshing irregularities were insignificant-a further increase in domain size or mesh density only increased the computation time; however, the results changed less than 0.5%. The electric field distributions obtained in our models were displayed in the range from the reversible E rev = 400 V/cm to the irreversible electropermeabilization threshold value E irrev = 900 V/cm. These values were taken from a previously published study, in which we estimated them by comparing in vivo measurements and the numerical modeling of the electropermeabilization of a subcutaneous tumor [16] , [22] . Namely, E rev was estimated to be the same for the tumor and skin tissue (400 V/cm), whereas the E irrev values were estimated to be 800 and 1000 V/cm for the tumor and skin, respectively. The E irrev in our model was set as the average of these two values (900 V/cm) in the tumor and healthy tissue.
C. Optimization
The genetic algorithm [23] was written with MATLAB 2007a (Mathworks, USA) and run together with the numerical calculation using the link between MATLAB and COMSOL. The initial population of chromosomes (vectors of real numbers: X = (x 1 , x 2 , . . . , x n )) was generated randomly, taking into account the following model constraints: range of distances between electrodes, range of depth of electrode insertion into tissue, and range of voltages between the electrodes. These constraints were chosen so that the calculation domain size, COMSOL meshing capabilities, and oncology experts' demands for a safety margin [24] , when treating solid tumors, were all respected. Chromosomes for reproduction were selected proportionally to their fitness, according to the fitness function
where F stands for fitness, V Trev and V Tirrev stand for tumor volume subjected to the local electric field above E rev and E irrev , respectively, and V Hrev and V Hirrev stand for the volume of healthy tissue subjected to local electric field above E rev and E irrev , respectively. The weights in the fitness function were set accordingly to the importance of the individual parameters for efficient ECT. Namely, V Trev is crucial for efficient ECT; therefore, its weight is largest (100) in comparison to the weight of V Hirrev (10) , which was in turn larger than the weights of V Hrev and V Tirrev , as their significance for successful ECT is still debated. Other weight values that kept a similar ratio gave similar results. The integer 12 is present only to assure that the fitness function is always positive.
The selected chromosomes reproduced by crossover or mutation. When crossover takes place, each new chromosome 
When mutation takes place, each new chromosome M = (m 1 , m 2 , . . . , m n ) is a random variation of one parent chromosome X
Crossover and mutation were chosen according to the probabilities in Table I , with the exception that the top ranking solutions (elite) could not be subjected to mutation. The genetic algorithm was terminated after 100 generations, when the fitness of the highest ranking solution usually reached a plateau. The algorithm always converged to a possible optimum solution. The average computation time of the algorithm was two hours. Other genetic algorithm parameters can be found in Table I .
D. Protocol
To select the optimum electrode configuration for ECT of the subcutaneous tumor model, we first analyzed the local electric field distribution inside the tissue model for several discrete values of applied voltage between electrodes for all electrode geometries and polarities (Fig. 3) . Distance between opposite sets of electrodes d and distance between electrodes of the same row b (parallel needle electrode arrays) or distance between neighboring electrodes b (hexagonal needle electrode array) were kept constant, at b = 0.65 mm (parallel arrays), b = 4/ √ 3 mm (hexagonal array), and d = 4 mm, in all simulations. For each electrode geometry and two electrode depths (g = 3 mm-as deep as the bottom of the tumor; g = 5 mm-double the depth of the tumor), we calculated the minimum voltage U c (critical voltage) that had to be applied between the electrodes so that the minimum electric field over the entire tumor volume exceeded E rev . This was done by a sequence of calculations, in which we decreased the voltage by increments of 10 V, until the lowest needed amplitude was reached. We then selected the calculated critical voltage U c that resulted in the lowest calculated values of reversibly electropermeabilized volume of healthy tissue V Hrev and total electric current I and applied it to each electrode configuration. We examined the influence of the depth of insertion on the local electric field distribution within the target tumor tissue and its surrounding healthy tissue by visualization of the electric field and by quantification of electric distribution by calculating V Trev , V Hrev , V Hirrev , and I. Because the first part of our study showed that voltage (U ), distances between electrodes (b and d), and depth of electrode insertion (g) are all relevant for the distribution of electric field in the model, all four parameters were chosen for the optimization procedure. We ran the genetic algorithm for all electrode geometries and polarities in two distinct stages. In the first stage, ten runs of the algorithm were performed using a random initial population. To calculate solutions closer to the true optimum, the ten best solutions acquired from the first stage were "seeded" into the initial population of the second stage and five more solutions were calculated, all being of better fitness than the first-stage solutions. However, the difference between the best first-and second-stage solutions was less than 1% (if compared by V Hirrev ); therefore, no third stage was required, and the best second stage solution was considered to be the optimum.
III. RESULTS
The calculated critical voltage U c needed to cover the entire tumor tissue with electric field above reversible electropermeabilization threshold E rev for each electrode geometry and polarity is given in Table II . The shallower insertion of the electrodes generally increased the necessary U C ; however, the total current I through the model decreased. Increasing the number of the electrodes had the opposite effect: Lower U C and higher I were calculated. Both observations can be explained by the size of contact surface between electrodes and treated tissue-larger contact surface increases I and decreases the necessary U C . When we applied the same voltage (290 V) to all electrode configurations, complete electropermeabilization of the tumor was not obtained in all cases. Namely, one needle electrode pair was completely unsuccessful, whereas both hexagonal geometries did not provide adequate coverage at g = 3 mm [ Table III show a definite influence of electrode configuration on electric field distribution in the tumor and healthy tissue. This influence is most clearly seen by comparing electric field distributions of both hexagonal needle electrode arrays-electric field penetrates deeper for 3 × 3 geometry and V Hirrev is considerably larger than in 2 × 2 geometry (Fig. 6) . It can also be observed that deeper insertion of electrodes (g = 5 mm) and insufficient voltage applied on the electrodes cause the electric field to be higher within the healthy tissue below the tumor compared to Table III. the electric field inside the tumor (Fig. 5(a) , (c), and (e) in ZX orientation).
To assure complete electropermeabilization of the tumor and with the least healthy tissue damage in our model, all geometrical and electrical parameters have to be accounted for. When all parameters were optimized simultaneously, the required U C was significantly lower (Table IV) than when determining the U C for only two depths of needle insertion (Table II) . At the same time, I, V Hrev , and V Hirrev were also Table III. decreased, thus minimizing healthy tissue damage and required electric energy. Interestingly, the optimum depth of insertion depended very much on the electrode geometry, i.e., at similar applied voltages, the 2 × 2 hexagonal needle electrode array has to be inserted deeper than the 3 × 3 needle electrode array to achieve similar coverage of the target tumor tissue. The results of optimization using our algorithm are shown in Table IV and Fig. 7 .
IV. DISCUSSION AND CONCLUSION
The aim of our study was to investigate and optimize the local electric field within a simple 3-D model of a subcutaneous tumor. We report the results of optimization of the geometrical and electrical parameters (voltage, distances between electrodes, depth of electrode insertion: U , b, d, and g; Figs. 1  and 3 ) of various needle electrode geometries used in research and clinical ECT for a 3-D numerical model of a subcutaneous tumor (Fig. 2) . We show by using our optimization algorithm, how the local electric field distribution depends on the number, arrangement, depth of electrodes' insertion, and the amplitude Tables II-IV) . The complete coverage of the target tumor tissue with the local electric field magnitude required for successful ECT (E rev < E < E irrev ) was achieved, whereas the volumes of healthy tissue exposed to the magnitude of the local electric field above reversible and irreversible thresholds were minimized (thus minimizing healthy tissue damage) for all analyzed electrode geometries. Our study was built on previous research works done by our group and others, in which the usefulness of numerical modeling in predicting electropermeabilization outcomes was demonstrated. Already, the early numerical plate and needle electrode models in combination with in vivo experiments showed great promise in analysis of tissue electropermeabilization in vivo [18] , [25] . However, only after the experimental validation of a numerical model was performed by comparing the numerical calculations to histological examinations of electropermeabilized tissue did numerical modeling gain ground in ECT research [11] . Different geometries of needle electrodes have been since then compared by [14] , [26] , and [27] ; however, none of these included optimization and only Sel et al. [28] used a 3-D model. In our study, three needle electrode pairs, four needle electrode pairs, and 2 × 2 hexagonal needle electrode array all gave similar results, whereas the 3 × 3 hexagonal needle electrode array was significantly worse than the others. We examined the adequacy of needle electrode geometries by calculating values of total electric current through the model and volumes of reversibly and irreversibly electropermeabilized (damaged) healthy tissue. By analyzing all three measures, we can conclude that three needle electrode pairs gave the best results-they required the lowest total electric current, which caused a small volume of healthy tissue to be reversibly and even less to be irreversibly electropermeabilized ( Fig. 7(a) , Table IV ). Four needle electrode pairs caused the Table IV. least healthy tissue damage; however, they required more current and more healthy tissue to be reversibly electropermeabilized ( Fig. 7(b) , Table IV), confirming previous results of our group-more electrodes mean a more invasive procedure, higher needed current, and lower needed voltage to obtain the same target tissue coverage [11] , [26] . The 2 × 2 hexagonal needle electrode array caused the least volume of healthy tissue to be reversibly electropermeabilized and more to be irreversibly electropermeabilized (Fig. 7(c) , Table IV ). The 3 × 3 hexagonal needle electrode array optimization lead to the highest values of total electric current and the largest area of irreversibly permeabilized healthy tissue (Fig. 7(d) , Table IV ). The preference for three needle electrode pairs is also in agreement with our previous 2-D study [27] .
The only other ECT optimization study was performed by Sel et al. who optimized the distance and voltage between electrodes for a realistic brain tumor using four pairs of needle electrodes as a proof of principle [28] . In our study, we used a simpler tumor model; however, we took the optimization one step further by optimizing for four different electrode geometries and polarities and for four different parameters, one of them being the depth of needle insertion, which turned out to be significant. We demonstrated that inserting needle electrodes deeper than necessary, using inadequate electrode geometries, polarities, and arrangement with respect to the target tumor tissue, and applying insufficient voltage can result in unsuccessful electropermeabilization (E < E rev ) of the tumor. Moreover, the electric field within the healthy tissue below the tumor can be higher compared to the electric field inside the tumor [Figs. 5(a) and 6(d) ]. This effect can be even more pronounced if the tumor is much more conductive than the surrounding tissue, because the electric field is then lower in the tumor and higher in the surrounding tissue [27] . The importance of insertion depth can also be seen if we compare the optimum depth for hexagonal needle electrode arrays-deeper insertion is required for the 2 × 2 needle electrode array, although all other geometrical parameters are the same for both configurations.
Even though our algorithm gives good results, significant challenges remain before it can be used for the optimization of in vivo ECT of large tumors. Our study does not analyze the possibility of changing electric field orientation in consecutive pulses, which can lead to less tissue damage, because such protocols can require lower voltage and total current [14] . Unfortunately, increasing the number of pulses can increase the unpleasantness of the treatment [29] . We also did not take into account the dynamic changes in tissue conductivities due to the tissue electropermeabilization [19] , [28] , [30] because this would significantly increase the computation time and would not considerably contribute to the results. Instead, we incorporated the change in conductivity into our model by choosing conductivity values at the end of the electropermeabilization process. Stratum corneum was not added to the model, as needle electrodes penetrate the skin and thus bypass its high resistivity [13] ; however, if plate electrodes were to be used, we would most probably have to take into account also the stratum corneum and the skin conductivity changes due to electropermeabilization.
We chose the genetic algorithm as our optimization method, as it is relatively easy to develop and, unlike classical optimization methods, it does not require the fitness function to be differentiable. Linear and nonlinear constraints, such as the realistic technical limitations of high-voltage electric pulse generator (maximum output voltage and current), can be easily implemented into the algorithm, and it also allows optimization of a large number of continuous, discrete, and categorical parameters, e.g., type of electrodes. The drawbacks of the method are that it gives only an approximate solution to the optimization problem and requires a relatively long computation time. However, because the solutions of the algorithm are very close to the true optimum and computation times can be shortened by using a more powerful computer, we do not consider these to be significant drawbacks and believe that the suggested approach is well suited to the problem being addressed.
Numerical modeling and optimization can be efficiently combined to control the extent of tissue electropermeabilization in ECT and to produce the optimum electrode configuration for different types of tumors taking into account their electric properties. Our algorithm is a step forward to an effective treatment planning, not only in clinical ECT, but also in other electroporation-based treatments, such as gene electrotransfer [19] , transdermal drug delivery [20] , and irreversible tumor ablation [21] .
